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Abstract: The binding activity of various trastuzumab biosimilars versus the branded trastuzumab
towards the glycosylated extracellular domain of the HER?2 target in the presence of pertuzumab
was investigated. We employed size exclusion chromatography with tetra-detection methodology
to simultaneously determine absolute molecular weight, concentration, molecular size, and intrinsic
viscosity. All trastuzumab molecules in solution exhibit analogous behavior in their binary action
towards HER?2 regardless of the order of addition of trastuzumab/pertuzumab. This analogous
behavior of all trastuzumab molecules, including biosimilars, highlights the robustness and
consistency of their binding activity towards HER2. Furthermore, the addition of HER2 to a mixture
of trastuzumab and pertuzumab leads to increased formation of high-order HER2 complexes, up to
concentrations of one order of magnitude higher than in the case of sequential addition. The
observed increase suggests a potential synergistic effect between these antibodies, which could
enhance their therapeutic efficacy in HER2-positive cancers. These findings underscore the
importance of understanding the complex interplay between therapeutic antibodies and their target
antigens, providing valuable insights for the development of more effective treatment strategies.

Keywords: HER2* breast cancer; monoclonal antibodies; trastuzumab biosimilars

1. Introduction

Monoclonal antibodies (mAbs) have revolutionized cancer treatment over recent years, offering
precise targeting to specific proteins or cells. In the case of breast cancer, several mAbs-based
therapies have been developed and approved for use [1]. Notable among these are trastuzumab and
pertuzumab, and more recently tucatinib and trastuzumab-deruxtecam [2]. These drugs target the
very aggressive HER2-positive (HER2+) cancer cells by blocking the action of the HER?2 protein [3,4].
Presently, 5-year survival rate is increasing up to 90 % in HER2+ early breast cancer treated with
chemotherapy and combined or dual mAbs trastuzumab and pertuzumab therapies, as they show
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complementary mechanisms of action [5]. Clinical trials and meta-analyses have reported cases of
sequential addition in patients undergoing dual anti-HER?2 therapies. Jagosky and Liu [6,7] have
recently reviewed several studies that support the substantial improvement in the outcome of HER2+
breast cancer patients with combined therapy of pertuzumab and trastuzumab [8-17]. Additionally,
it has been demonstrated that the combination of trastuzumab emtansine (T-DM1) and pertuzumab
exhibits synergistic cytotoxic activity in cell culture and enhanced antitumor activity [18]. Moreover,
the results have indicated that the safety of dual-target therapy is similar to that of single-target
therapy [11,19]. By the other hand, biosimilars highly resemble the branded drugs, but with the
advantage of quicker development, lower cost of production and greater availability. As the
development process of a biosimilar is somewhat different to that of the reference product, it is
possible to include minor changes or additions to the protein structure that can produce a drug with
different efficacy or side effect profiles. However, a biosimilar drug may not be an exact copy of the
reference product, but it must maintain identical or even improve its mechanisms of action, dosage
and route of administration, and effectiveness [20-22]. Several biosimilars of Herceptin® [Genentech,
Inc.] have been approved for use in breast cancer treatment, including Ontruzant® [N.V. Organon]
and Herzuma® [Celltrion, Inc.] [23]. In this study, we assessed the ability of each of these antibodies
to bind to HER2 in the presence of the pertuzumab Perjeta® [Genentech, Inc.], and investigated the
order of addition of the mAbs to HER2 in solution. Our findings could provide insights into potential
combination therapies for HER2+ breast cancer and contribute to the optimization of treatment
efficacy.

The chosen methodology for investigating the binding process was size exclusion
chromatography with tetra-detection (SEC-TD) in solution. This analytical approach offers
numerous advantages for examining protein-protein interactions or the binding between mAbs and
target proteins. SEC-TD is fast, efficient, cost-effective, and sensitive, and it enables the simultaneous
detection of proteins and complexes in a single analytical run. Furthermore, it has been reported that
binding experiments in solution may offer more realistic results that, for example, protocols using
antibody support techniques [24]. In this technique, biomacromolecules of varying sizes in the
solution are separated in the column and eluted at distinct times. The eluent then passes through the
tetra-detection system, which comprises four sequential detectors - ultraviolet (UV), light scattering
(LS), refractive index (RI), and viscosimeter (VIS). This enables the measurement of the composition,
absolute molecular weight and size, concentration, and molecular density or intrinsic viscosity of the
biomacromolecules, thus providing a comprehensive overview of the protein-protein interactions
and stability of the complexes formed [25-29].

2. Results and discussion

The hydrodynamic and electrostatic characterization results of the mAbs are presented in
Figures 51-53 and Tables S1 and 52 of the Supplementary Material archive. The findings depicted in
Figures S1 to S3 indicate a considerable level of resemblance among the examined mAbs. Specifically,
the diffusion coefficient (representing hydrodynamic size) exhibits variances of no more than 2%
across the samples, indicating a closely matched, if not indistinguishable, morphology or shape of
the mAbs. The reported positive value of the net charge, Z, for the mAbs at pH 7.5 is in the same
range as those values reported in other studies for IgG1 antibody at pH within 5.0 and 9.0 and low
ionic strength. A difference is found between trastuzumab and pertuzumab, explained by the
differences in their amino acid sequences (AAS). No appreciable differences have been found
between trastuzumab and the two biosimilars, Herzuma and Ontruzant, in this aspect. The thermal
stability results, as depicted in Figures 54 and S5, yielded valuable insights into the capacity of the
mAbs to uphold their structural integrity and functionality across a spectrum of temperatures.
Notably, no discernible disparities in stability were observed among the various antibodies tested,
indicating consistent resilience across the antibody samples.

Herceptin and the biosimilars of trastuzumab, namely Ontruzant, and Herzuma, exhibit
identical SEC-TD profiles, as demonstrated in Figure 1. Table 1 outlines the main molecular and
physical-chemical characteristics of the mAbs and the glycosylated extracellular domain of HER?2 (g-
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eHER?) utilized in this study. These properties were acquired from the SEC-TD outcomes depicted
in Figure 1 and Dynamic Light Scattering (DLS) experiments, conducted at a temperature of T = 309
K (36 °C) as described in the methods section (see also Supplementary Material in which the complete
characterization of the mAbs is described). All proteins in this study exhibit the expected molecular
and hydrodynamic properties consistent with their AAS. Previous works by our group presented a
complete experimental and computational modelling study of the molecular and hydrodynamic
details of both HER2 and mAbs, which agree with the results summarized in Table 1 [30,31].
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Figure 1. SEC traces for the trastuzumab Herceptin and the biosimilars Ontruzant and Herzuma. Four
detectors are indicated: refractive index - R, ultraviolet - UV, right angle light scattering - RALS and
low angle light scattering — LALS, of the biosimilars studied for a concentration of 1.0 mg-mL" at a
temperature of T =309 K.

Table 1. Molecular and hydrodynamic properties of the mAbs and target HER2; molecular weight
(Mw), intrinsic viscosity ([n]), hydrodynamic radius (rn), and UV coefficient of absorption at 280 nm

(dA/do).
[n] 102 Th dA/dc
Mw
Sample (kDa) (cm3-g1) (nm) (gtmL-cm?)
s.d.£0.2 s.d.£0.1 s.d. £0.02

Perjeta 147.1+0.8 6.4 5.5 1.33
Herceptin 147.0+1.6 6.5 5.5 1.38
Herzuma 1479+1.4 6.3 5.5 1.38
Ontruzant 147.7+1.3 6.4 5.5 1.37
g-eHER2 86.3+1.0 6.5 44 0.90

Standard deviation values have been obtained from 5 to 10 independent measurements in the same conditions.
Theoretical molecular weight values for the mAbs are 145.4 and 145.2 kDa for trastuzumab and pertuzumab,
respectively. The experimental value obtained for g-eHER?2 includes glycosylation.

We have determined the extinction coefficient, dA/dc, using the UV signal to match protein
concentration with that measured from the RI detector. Trastuzumab biosimilars (1.38 + 0.02 ml-g™)
display a slightly higher value of dA/dc compared to pertuzumab (1.33 + 0.02 ml-g1), as expected due
to the higher number of aromatic residues in the former. Although both trastuzumab and
pertuzumab show a high degree of chemical similarity, there are subtle differences in the amounts of
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tyrosine (Tyr), tryptophan (Trp), and phenylalanine (Phe) residues, which can affect the extinction,
g, or absorption coefficient, dA/dc, as measured by UV spectroscopy. The extinction coefficient at 280
nm is unique to each protein and depends on the number of aromatic residues as well as the solvent,
temperature, and pH. We used the Protein Calculator Resource (http://protcalc.sourceforge.net/) to
compute theoretically dA/dc for the samples under study, utilizing the corresponding AAS. The
absorption coefficients in water were estimated in this case using the method of Gill and von Hippel
at 280 nm [32]. We tested this procedure using bovine serum albumin, ovoalbumin, and conalbumin
protein standards. The experimental values obtained for dA/dc in our SEC-TD system were 0.67, 0.72,
and 1.12 mL-g'-cm, respectively, which are quite similar to those calculated in silico for these
proteins (0.69, 0.73, and 1.11, from the AAS) and reported elsewhere [33]. The values obtained from
the calculations for trastuzumab and pertuzumab equal 1.41 and 1.37 mL-g* at 280 nm, respectively,
in close agreement with those measured experimentally.

We tested the ability of the two mAbs trastuzumab and pertuzumab, to bind the HER2 domain
in different solutions. We added HER2 to an excess of mAbs in three different cases: 1) to
trastuzumab, followed by pertuzumab, 2) to pertuzumab, followed by trastuzumab, and 3) to a 1:1
mixture of both mAbs. In all cases, we maintained the mAbs:HER?2 ratio as 3:1. We measured the
molecular features of the complexes formed in each case after each step and presented them in Tables
2, 3, and 4. It is important to note that the binding affinity of trastuzumab and pertuzumab to HER2
differs in solution (Figure 2). When HER?2 is added to an excess of trastuzumab, it mainly forms a
heterodimer (C1, one HER2 domain bound to one mAb Fab, Figure 3A) with a molecular weight of
Muw =235.0 - 240.0 kDa. Additionally, a HER2/mAb/HER?2 heterotrimer (C2, two HER2 bounds to the
two available mAb Fabs, Figure 3B) is formed with Mw = 310 - 315 kDa. On the other hand,
pertuzumab is more likely to form the heterotrimer (C2, Figure 3E) with both Fabs of the mAb bound
to two HER2 copies, resulting in a value of Mw=310.0 £ 5.0 kDa (Figure 2, right panel). The biosimilars
Ontruzant and Herzuma showed identical profiles to Herceptin in the binding experiment with
HER?2 extracellular domain, as they also formed mostly the same complexes in nearly identical
proportions, as shown in Figure 2 (left panel). We measured the sizes of the two complexes (C1 and
C2) to be different, around 6.2 and 7.3 nm, respectively (see Tables 2 and 3).
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Figure 2. SEC traces of mAb/HER2 complexes. SEC traces (RI signal) of complexes between each
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Figure 3. Schematic representation of the different complexes: HER2 extracellular domains (blue),

trastuzumab (T, black) and pertuzumab (P, grey). The different HER2 domains are indicated in A.

Table 2. Molecular and hydrodynamic properties of the complexes (case 1); molecular weight,

intrinsic viscosity, hydrodynamic radius, and UV coefficient of absorption at 280 nm.

Sample M., ['r]]31021 Th dA/dc
C1/C2 (kDa) (cm3-g7) (nm) (gmL.cm)
s.d.+0.2 s.d. 0.1 s.d. £ 0.02
HRC/HER2 235.7/310.8 6.7/7.9 6.2/7.1 1.22/1.15
ONT/HER2 237.5/313.6 6.9/7.7 6.2/7.2 1.23/1.14
HZM/HER2 238.2/315.7 6.8/7.8 6.2/7.2 1.22/1.15
C3 Case 1: TZM/HER2/PZM
HRC/HER2/PJT 482.5 8.1 8.5 1.22
ONT/HER2/PJT 483.2 8.2 8.6 1.22

Standard deviations are obtained from the values of Mw by matching concentration in RI and UV detectors.
Theoretical Mw is around for C1, C2 and C3 are 234, 320 and 464 kDa, respectively, by assuming the values of
Muw in Table 1. HRC, ONT, HZM and PJT stand for Herceptin, Ontruzant, Herzuma and Perjeta, respectively.

Our previous study found that pertuzumab Perjeta has a stronger binding affinity to HER2 than
trastuzumab Herceptin. We have explained this difference by analyzing the different interfacial
contact (IC) descriptors that contribute to the estimated free energy of binding (AGeina) value using a
QSAR model [34]. Additionally, we conducted experiments that revealed that the pertuzumab IgG
antibody binds to two HER2 proteins, one per Fab fragment, while trastuzumab mainly forms a
monovalent complex. We interpreted this finding using a geometrical model that identified steric
crowding in the trastuzumab/HER2 heterotrimer compared to the pertuzumab/HER2 heterotrimer.
Now, the result observed in Figure 2 demonstrates that the biosimilars Ontruzant and Herzuma
behave exactly the same than Herceptin, as the concentration and molecular weight profiles are
identically replicated. Small differences in the values for the molecular features (Mw and rn) and the
previous results obtained in our group can be anticipated. We attribute the small changes to the
slightly different conditions used [31]. The intrinsic viscosities are in fact slightly lower now, which
is a consequence of the higher temperature used in the current set of experiments (T = 307 K) in
comparison to that used in reference [31]. Our findings indicate that biosimilars Ontruzant and
Herzuma behave likewise to Herceptin, indicating their equivalence in terms of molecular weight
and binding affinity to HER2.

In the next step of our study, by adding a second antibody to the solution, larger complexes in
all three cases are obtained (around a retention volume of 14 mL). The molecular weight of these
complexes is around 480 - 490 kDa, and there are neither differences found in the case of the
biosimilars at this point. Figure 4 exemplifies this result, showing the case 2 of addition using
pertuzumab (Perjeta) plus trastuzumab, Herceptin, and the biosimilars. The main complex found at
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14 mL has a molecular weight that is consistent with the association of two antibodies (trastuzumab
and pertuzumab) linked through a HER2 copy, with the other Fab of pertuzumab also linked to a
HER?2 protein unit (C3, see Figure 3F). Note, that pertuzumab and trastuzumab bind to different
HER2 domains (domain I and IV, respectively). The production of the C3 complex with a molecular
weight of Mw ~ 480 - 490 kDa was examined in case 1, case 2, and case 3 experiments using Herceptin
and the biosimilars Ontruzant and Herzuma. The concentration of the C3 heterocomplex over the
total concentration of HER2 added was determined based on RI detector signals, and it was found
that the differences in the production of the C3 complex for case 2 experiments (Figure 4) with the
different trastuzumab biosimilars were smaller than 1%. The same trend was observed in case 1.
Interestingly, in both cases 1 and 2 a very small percentage (around 1 - 3%) of a very high molecular
weight complex (Mw ~ 930 kDa) was also detected around a retention volume of 12 mL. This finding
again suggests that the biosimilars Ontruzant and Herzuma have a similar capacity as Herceptin to
form the C3 complex, indicating that they are biologically equivalent to the reference drug to bind
HER2 in presence of pertuzumab and in the conditions under study.

In case 3 experiments, for which HER2 was added to 1:1 mixture of trastuzumab and
pertuzumab, a significant increase in the concentration of high-order complexes of Mw = 930 - 940
kDa was measured, appearing at a retention volume of 12 mL. The increase in the production of this
complexes with respect to cases 1 and 2, was over one order of magnitude (30%). Figure 5 provides a
visual comparison of the results obtained in cases 1, 2, and 3. The signals have been deconvoluted in
order to extract the concentration of each species. It is evident that a higher amount of high molecular
weight complexes was formed in case 3, and even a small amount of very high molecular weight
complexes of around 1,400 kDa was detected, around a retention volume of 10 — 11 mL. For these
high-order complexes to form, a bivalent trastuzumab should be involved as a linker (see Figure 6).
In that way, the formed complexes of antigens and monoclonal antibodies linked via bivalent binding
constitute molecular chains. The formation of such antigen-antibody molecular catenaries was
already proposed by Hughes-Jones et al., for the synergistic lysis of red blood cells [35].
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Figure 4. Comparison of the SEC traces obtained for the complexes in case 2. Upper panel: Complete
SEC-IR traces of the complexes and free mAb for case 2: black (HRC/HER2/PJT), red (ONT/HER2/PJT)
and blue (HZM/HER2/PJT). Curves have been vertically shifted for better visualization. Bottom panel:
Measured absolute molecular weight obtained for the complexes.
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Table 3. Molecular and hydrodynamic properties of the complexes (case 2); molecular weight,
intrinsic viscosity, hydrodynamic radius, and UV coefficient of absorption at 280 nm.

Sample M., [1‘|]31021 Th dA/dc
e (kDa) (cm3-g1) (nm) (gmL-cm™)
s.d. 0.2 s.d. £0.1 s.d. £0.02

PJT/HER2 310.0 8.0 7.4 1.12
C3 Case 2: PZM/HER2/TZM

PJT/HER2/HRC 484.6 8.1 8.5 1.22

PJT/HER2/ONT 481.8 8.2 8.5 1.23

PJT/HER2/HZM 491.6 8.1 8.6 1.22

Standard deviations are obtained from the values of Mw by matching concentration in RI and UV detectors.
Theoretical Mw is around for C1, C2 and C3 are 234, 320 and 464 kDa, respectively, by assuming the values of

Mw in Table 1.
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Figure 6. High-order complexes (Mw ~ 930 kDa) between the mAbs trastuzumab, pertuzumab and
HER2. Pertuzumab, again favors C2 complex in trastuzumab/HER2 interaction acting as linkers.
HER? extracellular domains (blue), trastuzumab (T, black) and pertuzumab (P, grey).

Table 4. Molecular and hydrodynamic properties of the complexes (case 3); molecular weight,
intrinsic viscosity, hydrodynamic radius, and UV coefficient of absorption at 280 nm.

Mo, [n] 102 In dA/dc
Sample (kDa) (cm3.g) (nm) (g-mL-cm)
s.d. +0.2 s.d. 0.1 s.d. +0.02
C3 Case 3: TZM/PZM/HER2
PJT-HRC/HER2 932.0/489.0 9.8/8.0 9.5/8.7 1.23/1.23
PJT-ONT/HER2 945.0/489.0 n.d./8.2 n.d./8.8 1.25/1.25

Standard deviations are obtained from the values of Mw by matching concentration in RI and UV detectors of
the corresponding peaks. Theoretical Mw is around for C1, C2 and C3 are 234, 320 and 464 kDa, respectively, by
assuming the values of Mw in Table 1.

The reason for this extremely high avidity of both mAbs together to form these high-order
complexes with HER?2 is at this moment unknown, but the results suggest an increased availability
of trastuzumab Fabs in order to form these complexes, or the appearance of altered intermolecular
interactions for binding HER2 to the two mAbs. Further studies are needed to fully understand the
mechanisms underlying these observations

3. Materials and Methods

The monoclonal antibodies (mAbs) pertuzumab Perjeta® 450 mg and trastuzumab Herceptin®
150 mg (Roche Pharma AG), trastuzumab biosimilars Ontruzant® 150 mg (SAMSUNG BIOEPIS,),
and Herzuma® 150 mg (Celltrion Healthcare) were all obtained from University Hospital Ramoén y
Cajal (Madrid, Spain) through one of the authors (J.C). The human HER2 (10004-HCCH)) extracellular
domain was purchased from Sino Biological, Inc. Buffer exchange was performed using centrifugal
filter units (Amicon® Ultra-0.5 mL (Merck Millipore). All samples were prepared in buffer 20 mM
Tris-Base ULTROL®, 150 mM NaCl, pH 7.5. The initial concentrations of HER2 and mAbs were 0.5
and 1.5 mg-mL-1, respectively.

Dynamic light scattering (DLS) electric field correlations have been obtained for the g-eHER2
and mAbs solutions prepared as indicates above, using the Zetasizer Nano ZS (Malvern Instruments)
at T =309 K, equipped with disposable cuvettes (Malvern Instruments ZEN0040). By the other hand,
the electrophoretic mobility (EM) was measured in the Zetasizer Nano ZS apparatus, which uses
phase analysis light scattering (PALS). In this application of the technique, a voltage is applied across
a pair of electrodes placed at both ends of a disposable capillary cell containing the particle
dispersion. Disposable polycarbonate folded capillary cells with gold plated beryllium-copper
electrodes (Malvern Instruments DTS1060) were used to perform the measurements. Charged
particles are attracted to the oppositely charged electrode, and their velocity was measured and
expressed per unit field strength as the EM, pe. Measurements were carried out in aliquots of the
mAbs stock solutions. The measurements were performed at T = 309 K (36 °C), in samples of c =5
mg-mL-. Finally, we conducted experiments utilizing DLS to investigate the temperature resistance
displayed by the mAbs. By subjecting the samples to varying temperatures, between 293 K (20 °C) to
353 K (80 °C), and monitoring changes in their hydrodynamic size using DLS, we gained insights into
the thermal stability of the antibodies. The readers are referred to Supplementary Material for more
details about the basic characterization of the mAbs.

The analysis of the binding between mAbs and HER2 receptor and the study of the formed
complexes was conducted using SEC-TD. The SEC system used was GPC-TDAmax (Malvern
Instruments) equipped with a Superose™ 6 increase 10/300 GL column (Cytiva) was used. The
column was equilibrated with a buffer consisting of 20 mM Tris Base Ultrol®, 150 mM NaCl, pH 7.5.
Samples of 100 uL were injected into the SEC column and eluted with the buffer at a flow rate of 0.5
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mL-min'. The elution profiles were followed by UV-photo diode array (UV-PDA), differential
refractometer (RI), 7° low angle light scattering detector (LALS) and 90° right angle light scattering
detector (RALS). The data was acquired and analyzed using OmniSEC software, which determined
the absolute molecular weight, Mw, intrinsic viscosity, [n], specific absorption coefficient, dA/dc, and
concentration, ¢, of each sample. The extinction coefficient of each species was obtained by matching
the concentration measured by means of the RI detector area to that obtained from the UV detector
at 280 nm. The analysis has been performed maintaining the stoichiometry relation of the reaction at
3:1in all cases. Three experiments were conducted as follows: 1) HER2 was added over trastuzumab.
After 30 minutes pertuzumab was added in the same proportion, and the sample was injected after
additional 30 minutes. 2) HER2 was added over pertuzumab, and after 30 minutes, trastuzumab was
added to the last solution. Conditions and ratio of amounts added were the same as in the first
experiment. 3) A solution of trastuzumab and pertuzumab 1:1 was prepared with a concentration of
1 mg-mL-1. Over this mixture, HER2 was added. Bovine serum albumin (Sigma Aldrich) was used as
a standard reference protein of known molecular weight, concentration, and refractive index
increment (dn/dc = 0.185 mL-g"). Before each determination, a BSA solution at a concentration of 2
mg-mL was used as a standard, allowing for the determination of molecular weight, concentrations,
intrinsic viscosity, and extinction coefficients of the mAbs, HER2 protein, and the complexes.

4. Conclusions

The results presented in this study confirm the similar efficacy of trastuzumab biosimilars when
used in combination with pertuzumab. Furthermore, the results settle that the coformulation of
mixtures of therapeutic mAbs targeting multiple epitopes represents an appealing strategy to
increase their efficacy [36,37] and approach the goal of mimicking the natural polyclonal humoral
immune response [38]. Although there are few systematic studies on this approach, reports on mAb
mixtures for the treatment of various diseases are emerging [38—40]. At this respect, it is important to
understand the potential interactions between mAbs and the effects of variables such as pH,
concentration, temperature, and ionic strength [41]. In the specific case of the
pertuzumab/trastuzumab mixtures, it should be noted that a fixed-dose combination of pertuzumab
and trastuzumab for subcutaneous injection (PHESGO™, F. Hoffmann-La Roche Ltd.) has recently
been approved by the U.S. Food and Drug Administration (FDA) and the European Medicines
Agency. These findings have important implications for the development of this type therapeutic
mAb combinations [42].
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